V následujícím článku je představen zkušební stav vybudovaný za účelem diagnostiky chyb v převodovce pomocí měření vibrací na převodovce. Stav je využívaný zejména studenty automobilové specializace. Otevřený měřicí stav sestává ze dvou dynamometrů a je připraven pro upevnění různých typů převodovek. Jako testovací převodovka byla vybrána nejčastější typ převodovky pro příčnou zástavbu hnací ústrojí vpředu a pohon předních kol. Pro měření byly k dispozici dvě naprosto totožné a nové převodovky. Diferenciál byl blokován. Výkon byl odebírán pouze z jedné výstupní příruby. V jedné z převodovek byly uměle vyrobeny následující dvě závady:
INTRODUCTION
The investigation of diagnostics of mechanical machines with aid of vibration measurements is described in many papers; McFadden [1] has described a series of seeded fault tests performed on the double-helical gears used in a marine gearbox and presents analyses of the vibration signals measured at two locations on the gearbox for each of five faults; Dalpiaz and Rivola [2] have assessed and compared the effectiveness and reliability of different vibration 10.2478/v10138-012-0002-z analysis techniques such as amplitude probability density for fault detection and diagnostics in cam mechanisms used in high performance automatic packaging machines; Meltzer and Nguyen [3] have studied the effectiveness of the continuous wavelet transform in vibro-acoustical diagnostics of gearboxes operating under non-stationary rotational speed, which has been illustrated by means of a program test for fault diagnosis on helical spur gears. The set-up conceived and described in this paper is mainly intended for educational and scientific purposes. For educational purposes the Automotive Engineering Masters Degree students learn how to determine various gearbox faults with the help of vibration measurements. For the scientific purposes we are investigating:
• Analysis of fault propagation with help of different methods (Crest factor, Kurtosis factor, etc).
• Detection of combined faults (fault on bearings and pitting faults).
• The influence of a change in torque or speed of rotation on the magnitude of fault factors.
• The influence of the accelerometer position on the gearbox casing on the magnitude of fault factors. The results of these investigations are described in this article.
DESCRIPTION OF THE TEST SET-UP
The measurements are conducted on an open loop test bed consisting of two dynamometric machines, the gearbox to be tested, and torque flanges for torque measurement. On the input -as a motor -is used a three-phase dynamometer KS 56-4. On the output side is an eddy current water cooled dynamometer 2VD 110 / 6 as a brake. To obtain a wide range of rotation speeds we use a planetary two speed overdrive unit after the input dynamometer. The planetary gear set can function as direct with ratio = 1 or overdrive (ratio = 0.4). The shift of the overdrive unit can only occur in steady state. In our case, we used the ratio = 1 in the planetary gearbox. When the gearbox for transversal disposition of drivetrain is usedin the case of the investigated gearbox -the differential has to be locked. The power flows through one output shaft only. The mounting base for the gearbox is easy to manipulate. Therefore, the gearboxes can easily be changed, which is useful for educational purposes, where the faultless gearbox is switched for the faulty one during student experimental exercises, and the measurements are compared.
INVESTIGATED GEARBOX
The gearbox used for our measurements is the type most commonly used in current small and mid-size passenger cars with transversally mounted powertrain and front wheel drive: Figure 2 . Two faults are artificially introduced into the gearbox:
• Groove on the inner race of a bearing mounted on the input shaft in the clutch casing (the faulty bearing is highlighted in the Figure) .
• Pitting on the free rotating wheel of the IV th speed. This fault is combined with the bearing fault. The following two Figures depict the artificially fabricated faults. In the case of the bearing a groove was orthogonally ground on the inner race of the roller bearing on the input shaft. The width of the groove varies from 0.6 to 0.7 mm. The diameter of the rollers is 4 mm, so a groove of these dimensions produces a significant impact on the rollers -which will be demonstrated in section 4, where the results of vibration measurements are discussed. The free rotating wheel of the IV th speed has damage on one tooth only. The mesh side of the tooth was damaged by grinding three pits. The pits have a total surface area of 4.894 mm 2 , which equals 8% of the total surface of the tooth mesh side.
RESULTS OF VIBRATION MEASUREMENTS
This section is split into three parts. The first deals separately with the case of the damaged bearing only. The measurements were performed when III rd speed was engaged. The second covers the case of the IV th speed fault in combination with the bearing fault. The last part is dedicated to the determination of the gearbox faults at different accelerometer positions. Figure 5 and Figure 6 show the frequency domain and the time history of the synthesized signal, 20 kHz baseband and 125 ms, of the faulty bearing in third speed (2000 rpm) and input shaft load 50Nm, and output speed 370 rpm at output shaft load 310 Nm. The peaks in the time domain are repeated at approximately 30 ms (33.3 Hz), which matches the input shaft speed of 2000 rpm (33.33 Hz). In the frequency domain there are harmonics at high frequencies that indicated a fault in the gearbox bearing, but from which it is difficult to determine the bearing and faulty element in that bearing. There are some steps that can determine these unknowns; the first one is to check the time domain to determine the revolution speed of the bearing shaft (33.3 Hz) and the second is to make an envelope in the frequency domain to determine the faulty element of the bearing. In a real situation where bearing frequencies would not be known in advance, this spectrum is the signature of a rotating race fault, most often the inner race. The Kurtosis, Crest and RMS factors are calculated; the equations for computing all mentioned factors are listed e.g. in [2] . The Kurtosis factor is often used for determination of faults in a gear or bearing in the gearbox. The following graphs show the change in the factors with change of load and change of rotational speed. The values are calculated from the measurements acquired using an accelerometer placed inside the clutch cover "on" the faulty bearing (position "A", Figure 18 ). Figure 11 and Figure 12 show the time domain and frequency domain signal for the faulty gear (41 teeth) at 0.5 sec and 6.4 Hz respectively and IV th speed at input speed = 2000 rpm (33.33 Hz) and input load 50 Nm, and output speed = 515 rpm and output load = 230 Nm. To obtain information about faults in the bearing, the envelope analysis is used again. This highly accurate diagnosis can provide information about a bearing fault even when the signal is affected by strong noise -as in our case with the faulty gear. Figure 13 and Figure 14 show the envelope in the frequency domain for the faulty bearing (inner race) in IV th speed 2000 rpm and input load 50 Nm. These figures show harmonics in addition to the shaft speed. It is clear that fault detection and classification (faulty gear and faulty bearing) can be achieved using vibration analysis. Kurtosis is a parameter that is sensitive to the signal peaks and is well adapted to the impulse nature of the simulating forces generated by component damage. Over time the defect becomes greater or more defects propagate in the gearbox in such manner that the impulsive signal changes to a continuous one (the first signal does not expire before the second one is produced [1] ), the Kurtosis index diminishes to a value of around 3; i.e. to the value of a "not damaged" signal. This explains why the Kurtosis index as well as the RMS and Crest factor are lower for the IV th speed, than for the III rd speed, where only the bearing fault occurred. Figure 15 It is important to avoid high loads when a fault is present to prevent accelerated progress of the fault and sudden breakdown. Figure 16 shows the change of Kurtosis values against the input shaft speed in IV th speed (1500, 2000, 2500 rpm), input load 50 Nm with output shaft loads of 135, 150 and 250 Nm respectively. It is important to note that it is not sensitive to speed, but rather load. Figure 15 , Figure 16 and Figure 17 show a comparison between some parameters that are used in gear fault detection at different loads and speeds. It is clear from the above figures that the RMS values are a sensitive and good indicator of gearbox faults at both different loads and speeds. On the other hand, the RMS does not indicate the magnitude of fault progress. The Kurtosis values are used as the best indicator of a fault at different loads because its values also indicate the fault progress, which may be useful for predictive maintenance, but it should be taken into consideration that it is not sensitive to speed.
BEARING FAULT

COMBINED FAULT PITTING AND BEARING
FAULT DETECTION WITH DIFFERENT ACCELEROMETER POSITIONS
When measuring in real situations, we never know whether a fault is in the gearbox or its position. For building a monitoring system which will indicate the fault propagation in a gearbox often only one or at most two accelerometers are used. The accelerometers should be placed such that wherever the fault is located, detection of the fault is possible. In our case both faults are concentrated near the clutch cover. In the following study we tried four different accelerometer positions (see Figure 18 ): A -on the faulty bearing housing inside the clutch cover, B -on top of the gearbox housing near the mounting point with the clutch cover. In our case near to the faulty bearing and gear, C -on the gearbox housing above the bearing shield, D -on the gearbox housing above the tapper roller bearing of the output shaft. With Kurtosis and Crest factors we are only able to indicate the fault when the accelerometer is placed close to the faulty object(s). For any other position, even for position "B" (which was unexpected) we obtain a Kurtosis value of around 3, even when considering just the faulty bearingas demonstrated in Figure 21 . The only factor that increases in magnitude with increasing load, or with increasing speed of rotation for any placement of accelerometer on the gearbox casing is the RMS value. However, as stated before, the RMS magnitude itself does not indicate the fault occurrence and/or its propagation. To construct the monitoring system we should first measure the undamaged gearbox to have a reference value for RMS. Due to the fact that position "C" in the case of the IV th speed has a similar RMS magnitude to that measured from the accelerometer in position "A", we propose the accelerometer placement in position "C". This position lies on the most rigid part of the gearbox housing, where bearings of input shaft and lay shaft are located, and therefore we expect to obtain a good response for bearing and gear faults. Future measurements should confirm this assumption.
CONCLUSIONS
• The FFT technique and the high order statistics of RMS and Kurtosis reflect the vibration responses of the gearbox. This can be an effective tool for planning predictive maintenance and avoiding a sudden breakdown.
• This study shows that high order statistics of the RMS and Kurtosis techniques seem quite effective in detecting combined faults (fault on bearing and pitting fault). The technique excels in extracting transients, which are often indicators of incipient damage and fault propagation in geared systems. While a certain amount of data processing is necessary, the time and frequency domain offer great detail concerning the meshing conditions of two gears. The high order statistics of RMS and Kurtosis are shown to reflect features associated with the presence of damaged teeth to yield a more positive assessment of tooth condition.
• This study shows the influence of change of torque or speed of rotation on the magnitude of fault factors and its effect on fault propagation • Envelope Analysis for Diagnostics of Local Faults in Rolling Element Bearings of raw signal can be an effective way to obtain great detail about a bearing fault.
